BACKGROUND-Surgery remains the first and most important treatment modality for the majority of solid tumors. Across a range of brain tumor types and grades, postoperative residual tumor has a great impact on prognosis. The principal challenge and objective of neurosurgical intervention is therefore to maximize tumor resection while minimizing the potential for neurological deficit by preserving critical tissue.
RESULTS-Proof of concept is presented in using mass spectrometry intraoperatively for realtime measurement of molecular structure and using that tissue characterization method to detect tumor boundaries. Multiple sampling sites within the tumor mass were defined for a patient with a recurrent left frontal oligodendroglioma, World Health Organization grade II with chromosome 1p/19q codeletion, and mass spectrometry data indicated a correlation between lipid constitution and tumor cell prevalence.
CONCLUSION-
The mass spectrometry measurements reflect a complex molecular structure and are integrated with frameless stereotaxy and imaging, providing 3-dimensional molecular imaging without systemic injection of any agents, which can be implemented for surgical margins delineation of any organ and with a rapidity that allows real-time analysis.
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Brain neoplasms; Histopathology; Mass spectrometry; Neuronavigation; Neurosurgery; Stereotactic techniques Malignant brain tumors present a major challenge in neurosurgery not only for their biological behavior but also because of their infiltration in the functioning brain. Currently preferred diagnostic imaging techniques, namely magnetic resonance imaging (MRI), 1 have limited sensitivity and specificity to detect the full extent of malignant brain tumors, making it especially difficult to distinguish tumor from peritumoral edema and to recognize low density of tumor cells within otherwise normal brain tissue. Diagnosis, grading of tumors, and treatment rely primarily on neuro-pathological documentation of tissue, including cellular and nuclear morphology, proliferation, necrosis, vascu-larization, and characteristic cytogenetic aberrations. 2 Moreover, when single biopsies or sparse surgical samples are used, there may be considerable heterogeneity, leading to sampling error. Surgical pathology-based approaches need to be complemented by improved intraoperative definition of tumors and their margins. This definition will help us obtain samples from appropriate histopathological areas and may provide additional molecular tissue characterization of the tumor. This improved tumor definition will help intraoperative decision making and maximize the extent of tumor resection. 3 Surgery remains the first line of treatment for most brain tumor patients, and prognosis for many brain tumors depends significantly on the extent of surgical resection, 4-7 but this must be balanced against preservation of functioning cortex and white matter. [8] [9] [10] In recent years, there has been significant progress in developing imaging and image-guidance platforms for localizing and targeting brain tumors and revealing the full extent of infiltrating tumor with the anatomic and functional definition of involved brain areas. [11] [12] [13] Frameless stereotaxy and neuro-navigation is key for aiding the neurosurgeon in the coregistration of the individual patient's anatomy and images.
Mass spectrometry is a well-established, sensitive analytical technique used to identify and characterize molecules based on their mass and fragmentation pattern, respectively. The recent adaptation of mass spectrometers and their respective computer applications to accommodate tissue analysis provides simultaneous molecular profiling of hundreds of molecules without the need for radioactive or fluorescent tag. 14 An increasing number of studies support the concept of mass spectrometry as an efficient tool to recognize and delineate pathology directly from tissue specimens. [15] [16] [17] In 2004, desorption electrospray ionization (DESI) was introduced as an ambient desorption/ionization method for mass spectrometry 18 and subsequently proven to be applicable to tissue imaging. 19, 20 The DESI technique is well suited for clinical deployment because it is a soft ionization method that allows the analysis of intact biomolecules and provides direct sampling of the tissue in the ambient environment without specialized sample preparation. 21 The present study introduces the integration of DESI mass spectrometry into surgery for in vivo molecular tissue characterization and intraoperative definition of tumor boundaries, without systemic injection of contrast agents. This novel approach will provide complex molecular information during the surgery, complementing preoperative and intraoperative MRI and positron emission tomography (PET) with a potentially more sensitive and specific assessment of tumor boundaries in vivo.
PATIENTS AND METHODS

In Vivo Sampling and Image Registration
The tumor was resected with a combination of surgical forceps and the Cavitron Ultrasonic Surgical Aspirator (CUSA; Integra Radionics, Burlington, Massachusetts). Specimens dissected with surgical forceps were collected in separate clinical specimen collection containers on saline-soaked Telfa nonadherent and sterile pads (Johnson & Johnson, New Brunswick, New Jersey). The CUSA was operated at 24-or 35-kHz frequency with a neurosurgical hand piece. The surgical cavity was irrigated by a flow of saline directly from the surgical probe with simultaneous disintegration and aspiration of targeted tissue. The aspiration tube was deviated to a Lukens collection tube approximately 35 cm from the hand piece to reduce the typical sampling distance (4-5 m) without obstructing movement of the CUSA and to facilitate collection of small specimens. The collected aspirate was filtered, and both tissue and the blood-saline mixture were kept for analysis. Each sampling location was captured in correlation to the preoperative MRI study with the GE InstaTrak surgical navigation system (General Electric, Lawrence, Massachusetts). Brain outline models were created from segmentation by the FSL Brain Extraction Tool (FMRIB Analysis Group, Oxford, United Kingdom). Views were rendered in 3-dimensional (3D) Slicer (Surgical Planning Laboratory, Brigham and Women's Hospital, Boston, Massachusetts).
Histopathology
Each specimen was formalin fixed, paraffin embedded, sectioned, and stained with hematoxylin and eosin according to standard clinical protocols for histopathological diagnosis according to World Health Organization classification. Specimens were evaluated by a neuropathologist (K.L.) and scored visually with respect to their percentage of tumor nuclei relative to the total nuclei in the sample. Samples were also characterized and assigned a qualitative from normal to infiltrative to solid, corresponding from low to high cellularity.
DESI Mass Spectrometry Analysis
Specimens each measuring approximately 0.2 × 0.2 × 0.2 cm were snap-frozen, with assistance from the Brigham and Women's Hospital Neurooncology Program Biorepository collection. Each tissue specimen was transferred to a Histobond microscope glass slide via a sterilized stainless steel spatula and allowed to dry for approximately 5 minutes under nitrogen before analysis. When possible, the tissue specimen was secured to a cooled specimen chuck with optimal cutting media and sectioned to 10-µm thickness with a Leica CM1800 cryostat. Each tissue section was thaw-mounted onto a Histobond microscope glass slide, attached to the Omni Spray Ion Source, and then analyzed without further preparation. All DESI experiments were performed with a manual Omni Spray Ion Source (Prosolia, Inc, Indianapolis, Indiana) coupled to an LTQ XL linear ion trap mass spectrometer (Thermo Fisher Scientific, San Jose, California). The Omni Spray Ion Source conditions were as follows: solvent, 70:30 methanol:water; solvent flow rate, 2 µL/min; nebulizing gas pressure, 100 psi; incident angle, 55°; and tip-to-surface distance, 1 mm. Each spectrum was recorded by tuning the mass spectrometer to negative ion detection.
Direct Identification of Molecules With Tandem Mass Spectrometry
Tandem mass spectrometry experiments were performed on the same instrumentation and DESI experimental conditions as described for direct tissue analysis. The tandem mass spectrometry experimental conditions were the following: isolation width, 1.5 Thomson; activation time, 30 milliseconds; and normalized collision energy, 20% (manufacturer's units).
Three-Dimensional Visualization of Mass Spectrometry Data
Mass spectrometry data were imported into MATLAB, and profile spectra were constructed as the sum of the spectra acquired over time for each sample. Absolute intensities were converted to relative intensities via scaling to occupy the range 0 to 1 in the m/z 600 to 1000 range. For each peak under analysis, intensities were summed in a 1-Thomson peak width. The sites were colored from green to red in proportion to increasing intensity of a selected mass spectrometry peak to be visualized. The relative intensities for m/z 768.3 ± 0.5 for each of the samples were analyzed and the values scaled to fit a color scale range of 0 to 255. The RGB format was used to render the coloring in Slicer 3, an open-source visualization tool provided by the National Alliance for Medical Image Computing consortium. Green to red indicates an increasing relative intensity corresponding to a specific m/z value. The figures were rounded to a radius of 2 mm for all sites except site 8, which was represented with a radius of 5 mm to account for the larger size of the resected specimen. Similar visualization of the tumor cell concentration is presented with the 0 to 255 color scale corresponding to 0% to 95% tumor cell concentration as scored by expert neuropathology evaluation of permanent tissue sections.
RESULTS
By integrating stereotactic surgery with histopathology and ambient mass spectrometry, we developed a methodology to allow intraoperative assessment of tumor margin boundaries. The methodology takes advantage of the sensitivity and specificity of mass spectrometry for the detection of tumor extent and the presence of tumor boundaries. Although detection sensitivity with DESI mass spectrometry depends on factors such as surface, solvent system, and matrix composition, studies from Cooks' group report the high reproducibility for the detection of selected small molecules in the 10-nM range, 24 and tandem mass spec-trometry of surface deposited lipids from typically 200 pmol lipids. 25 Surgical sampling sites were localized and digitally registered to the preoperative MRI through the use of neuronavigation ( Figure 1 ). Sampling the tumor in multiple locations for mass spectrometry and subsequent histopathological evaluation is accomplished by use of the navigation system that registers the sample locations on the image. Multiple sampling sites within the tumor mass and beyond the MRI-visible enhancing margins were defined. Figure 2 illustrates the workflow in a clinical case of a patient with a recurrent left frontal oligodendroglioma, World Health Organization grade II with chromosome 1p/19q codeletion. Histopathological evaluation of each specimen further revealed heterogeneity throughout the tumor in terms of composition, cell concentration, and signs of inflammatory response.
Case Study
Patients gave informed consent for tissue review and investigational image-guided surgery in accordance with the Internal Review Board of Partners Healthcare. According to the standard of care, the bulk of the tumor presented in Figure 3 was promptly made available to histopathological evaluation in the frozen section room to ensure confident diagnosis. Additional specimens of approximately 2 mm 3 were resected from 11 different locations within the tumor, including from superficial, interior, and deep locations ( Figure 3A ) in the course of standard of care intervention (ie, no specimens were taken for the sole purpose of research). Each specimen was then separated into 2 aliquots and subjected to both histological analysis of hematoxylin and eosin-stained sections by a neuropathologist and direct mass spectrometry analysis with DESI. Each MRI-registered specimen was diagnosed histopathologically on permanent section according to the World Health Organization grading system and given a score for the estimated concentration of tumor cells. Corresponding specimens were independently subjected to mass spectrometry analysis between m/z 200 and 2000 using the DESI source. The mass spectra acquired from a 200µm 2 area of the specimen were then correlated to MRI signal characteristics at a given locus and to histological micrographs of the tissue stained to depict cell nuclei and cytoplasm with hematoxylin and eosin, respectively. The estimation of tumor cell concentration was used to qualitatively correlate mass spectrometry multivariate signals (Figure 3 ). Tumor cell concentrations varied from 5% to 95%, showing infiltration of normal cortex and tumor heterogeneity and necrosis.
Identification of Selected Molecules
Selected molecules contributing to the mass spectral differences between regions of lower and higher tumor cell concentrations were identified by tandem mass spectrometry from specimen 1 depicted in Figure 4A , which was superficial to the apparent tumor bulk and showed high cellularity according to histopathology ( Figure 4B 26 Given the low mass resolution of the instrumentation used in these early studies, it is expected that isobaric ions will be isolated together with the selected precursor ion and thus produce a heterogeneous product ion spectrum. The peak at m/z 838 was also assigned as phosphatidylserine 18:0/18:1. 25, 27, 28 Tandem mass spectrometry results for 4 peaks are summarized in the Table. Although delineating tumor boundaries based on multivariate profiling does not require the identification of molecular ions, their identification is expected to provide significant insight into tumor molecular structure and biology and into the class of biomolecules selected under the present experimental conditions, potentially contributing to protocol optimization. In a qualitative comparison of the spectra acquired for specimens representing low, intermediate, and high tumor cell constitutions, the region between m/z 600 and 1000 in negative mode offers the most differences ( Figure 5 and Figure 1 in the Supplemental Digital Content 1, http://links.lww.com/NEU/A349). This region of the mass spectrum typically represents different forms of phospholipids, which are constituents of cellular membranes, and differentiate normal from tumor tissue.
Histopathological Validation and Visualization
To assist in data correlation and communication, a color scale was developed for 3D rendering in Slicer 3 (Surgical Planning Laboratory, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts; www.slicer.org). Tumor cell concentration according to the histopathology evaluation is considered the gold standard in validation of the approach (Figure 6A ) and is rendered for each specimen throughout the tumor volume, with respective mass spectrometry signal intensity for a single peak at m/z 768.3 ± 0.5 ( Figure 6B ) assigned to phosphatidylcholine 16:0/16:0. The increase in cellularity observed from the histological presentation of the specimens is somewhat correlated with an increase in signal from phosphatidylcholine 16:0/16:0 and phosphatidylserine 18:0/16:0 and a concomitant general decrease in the spectral region comprising some sphingolipids and phosphatidylinositols. 25, [27] [28] [29] High-resolution mass spectrometry instrumentation, combined with multivariate analysis of rich spectra, should allow more sensitive and specific delineation of tumor margins than provided by a qualitative assessment of single molecular markers and potentially provide diagnostic information from a reference database system.
DISCUSSION
Mass spectrometry is highly sensitive, is applicable for analyzing most biomolecules, and has a broad dynamic range, making it an attractive approach to respond to the highperformance demands of personalized care implementation. Current mass spectrometers used in biological sciences can routinely detect femtomoles (1510 −15 mol) of analytes, and some specialized instrumentation can now detect as low as zeptomole (10 −21 mol) amounts. 30 Different mass spectrometry approaches have been shown to distinguish between diseased and healthy tissue in the laboratory. 15, 17, 31 Capitalizing on speed and sensitivity of mass spectrometry, a method was developed to expedite the validation and implementation of a novel surgical guidance approach. Current clinical means of determining optimal limits of resection are limited to macroscopic and microscopic examination of tissue in correlation to imaging findings. Even though intraoperative rapid neuropathology diagnosis has been shown to be highly correlated with final diagnosis, 32, 33 limited sampling of the heterogeneous tumor and direct interpretation of microscopic information are impractical in delineating tumor margins and insufficient for real-time decision making.
The surgical mass spectrometry approach can be deployed directly in the operating room and can be fully integrated with the surgical procedure. Imaging methods such as MRI, functional MRI, PET, and magnetic resonance spectroscopy (MRS) are being combined into a multimodality and multiparametric imaging platform to maximize the specificity and sensitivity of tumor margins detection and to ensure the preservation of eloquent and anatomically critical regions of the brain. However, as a result of intrinsic limitations in their spatial and spectral resolution, such methods provide limited, if any, molecular information. Neuronavigation also has its own limitations. Although the localization accuracy of tumor margins is within a few millimeters for external fixed or fiducial markers, 12 in practice, this accuracy decreases after craniotomy, which induces deformation and shifts of brain structures, affecting the surgeon's ability to locate even MRI-identified tumor boundaries. 34 Intraoperative MRI with serial imaging can follow and compensate for brain shifts and deformations but is not available in every neurosurgical department. 10, 35 Detection of tumors intraoperatively with navigation probes is a correct local measurement. However, if preoperative images are used for navigation, the sampling sites can be significantly misregistered owing to elastic deformation problems. For this early development of the technique, even in the presence of brain shift, the estimation of the relative positions of samples is sufficient to allow initial correlation among imaging, histological, and added molecular findings. Further complementation and direct correlation of such protocols with intraoperative MRI and/or PET and standard histopathology should achieve higher spatial resolution for validation of tumor margin localization.
The mass spectrometry approach provides multivariate molecular structural data on the surgical site without any molecular agent and without any systemic injection. From the surgical perspective, multisite sampling of the tumor bed was done with surgical forceps and/or the CUSA, which dislocates tissue through ultrasonic vibration of the probe tip. Both approaches are already part of standard procedures in neurosurgery. Even though CUSA is typically used as a tissue disintegration device, our results show the recovery of diagnosticquality tissue, reinforcing previous reports. [36] [37] [38] The concept of stereotactic intraoperative mass spectrometry is technically feasible, and it provides preliminary correlation of the spectral differences with gold standard histopathological features of the tissue containing both normal brain and tumor. In specimens of lower tumor cell concentration, the spectra were richer in the m/z region of 850 to 1000, representing a higher proportion of normal cortex composition of the tissue or an environment favoring the desorption and ionization molecules within this mass range. For specimens with increasing proportions of tumor cells, the spectral signatures shifted to a greater representation of phosphatidylcholines and phosphatidylserines, consistent with a higher proportion of cellular membranes, with a concomitant signal reduction in the m/z 850 to 1000 range, or again simply a milieu favoring such pattern of desorption and ionization.
For the presented case, the use of the spectra from the phospholipids mass region resolved varying degrees of cellularity in the tissue and demonstrated agreement with histological evaluation, but analysis of a series of cases is needed for validation. These findings suggest that the metabolites seen in this approach may overlap with those measured in MRS used in cancer diagnosis in which choline and phosphatidylcholine contribute to diagnostic signatures. [39] [40] [41] [42] Common molecular observations with MRS and mass spectrometry could potentially become a means of validating the 2 spectroscopic approaches against each other in determining their sensitivity and specificity and for use in complementary approaches. Similar corroboration of the 2 analytical methods has been reported for the analysis of liquid specimens by DESI mass spectrometry and nuclear magnetic resonance spectroscopy. 43 Tissue-derived mass spectrometry data offer a wealth of unexplored information available that could potentially enable more precise molecular assessment of the surgical cavity by further development of mathematical analyses, and the well-established clinical implementation of MRS should orient similar adoption of mass spectrometry.
Mass spectrometry has been widely exploited in many fields of research and has already translated to applications in response to the demand of highly sensitive techniques in forensics, security screening, and food quality monitoring, to name a few. Some research applications of mass spectrometry are also shown to differentiate disease from healthy tissue with histopathology validation. 16 The presented method in development translates mass spectrometry to stereotactic brain surgery and relies on the real-time analysis of tissue in the operating room. It can be adapted to validate and implement surgical mass spectrometry to organs other than the brain, as well as other diseases such as breast cancer for which the definition of optimal surgical boundaries is limited by current histopathology and radiology techniques. Moreover, the concept can be expanded to test other analytical or spectroscopic methods shown to have the ability to distinguish between disease and healthy tissue and to validate multimodality imaging concepts in intraoperative surgical planning. In its clinical infancy, intraoperative mass spectrometry has the potential to significantly enhance surgical efficacy.
The selected ambient desorption/ionization DESI method presented here enables the analysis to be performed directly from tissue, without any sample preparation and without changing current surgical procedures, allowing real-time analysis and eliminating artifacts introduced by preparation. Spatially localized correlation of molecular information obtained from direct tissue characterization by mass spectrometry to preoperative and/or intraoperative images should contribute to a better understanding of the molecular composition of malignant brain tumors, the involvement of the infiltrated brain tissue, and the definition of surgical margins.
COMMENT
This article is very interesting. The mass spectrometry method described has been adopted in only 1 case of World Health Organization grade 2 oligodendroglioma with chromosome 1p/19q, and the results have been very interesting and seem to be useful. The reader may want to know that this mass spectrometry method is truly useful for malignant glioma (grade 3 and 4) surgery to understand the tumor-brain interface. Because this article is only preliminary without data on specificity and sensitivity, perhaps the authors should have titled it as preliminary. The discussion is too conclusive about the usefulness of this mass spectroscopy in understanding the interface of tumor and brain because its true usefulness, sensitivity, and specificity have not yet been established.
Tomokatsu Hori, MD
Tokyo, Japan Intraoperative mass spectrometry for identification of tumor margins. The approach is validated by correlation of ambient mass spectrometry analysis of tissue specimens with histopathological evaluation. Both types of analysis of stereotactically resected specimens are additionally correlated to preoperative radiological presentation of the lesion by digital identification of each sampling location with the navigation system. Workflow. A, positioning and calibration of navigation probe. B, navigation with preoperative functional magnetic resonance imaging with colored overlays indicating tumor and eloquent cortex (by functional magnetic resonance imaging). C, digital registration of stereotactic sampling of the tumor bed. D, histopathology evaluation of Cavitron Ultrasonic Surgical Aspirator (CUSA) specimen with hematoxylin and eosin staining. Preservation of cellularity with the CUSA surgical probe is represented. E, direct desorption electrospray ionization mass spectrometry analysis of specimen. Case analysis. A, view of sampling sites relative to manually segmented tumor. Each specimen was analyzed by mass spectrometry using a desorption electrospray ionization source combined with a linear trap mass analyzer. B, corresponding spectra for negative ions are shown for specimens of infiltrative tumor region (9 and 7), together with histopathological evaluation and 50% and 30% tumor cell concentration, respectively. C, analysis of high cell density (2 and 1) specimens with 90% tumor cell concentration. Portions of the mass spectra are enlarged (inset). Scale bar represents 100 µm. Direct identification of molecules with in vivo stereotactic coordinates. A, three-dimensional rendering of the tumor from preoperative magnetic resonance image with sampling positions represented by red spheres. The bulk of the tumor is represented by a large, roughly spherical volume. B, a region of spectral differences for this highly cellular specimen (inset) was further analyzed to identify molecules contributing to tissue distinction. Two negative ions represented by peaks (boxed) at m/z 768 and 838 were subjected to tandem mass spectrometry with collision-induced dissociation. C, fragmentation patterns for the 2 negative ions of interest at m/z 768.3 and 838.6 correspond to phosphatidylcholine 16:0/16:0 and phosphatidylserine 18:0/18:1 Correlation between molecular and histopathological changes. Qualitative correlation of different phospholipid proportions with histological evaluation of tumor cell prevalence for compared specimens. Scale bar represents 100 µm. A 3-dimensional rendering of mass spectrometry data and histopathology scoring. The size of the spheres is to scale to represent the approximate size of each specimen and corresponding theoretical sampling error from the navigation system, without accounting for inherent imaging error and brain shift. Small spheres are 2.0 mm in radius; larger sphere for specimen 8 is 5.0-mm radius (4-mm radius specimen and 1.0-mm radius sampling error). A, Distribution of m/z 768.3 ± 0.5 tentatively assigned to phosphatidylcholine 16:0/16:0 in tumor; for specimen 8, the mean of the signals from A and B was taken. Color scale corresponds to a 0 to 100 relative intensity in the m/z 600 to 1000 range. B, color map corresponding to tumor cell concentration as evaluated by neuropathologist on hematoxylin and eosin-stained permanent sections. Color scale corresponds to 0% to 95% tumor cell concentration. 
